INTRODUCTION
Recently, improvements in instrumentation have provided the option of gas-or air-coupled ultrasonic testing as a realistic alternative to immersion or contact testing. In this paper we present theoretical and experimental results on resonant sound transmission methods mediated by ultrasonic coupling directly through ambient air. Although these methods are not new [1] , they have only recently been considered for MHz applications. Advances in transducer technology [2] [3] [4] [5] have further improved signal to noise ratios.
Essentially all work in air-coupled ultrasonics to date has been of a largely qualitative nature, where defects have been imaged in air-coupled C-scans [6] or approxiInate estimates of material constants have been made in phase-matched coupling to guided wave modes [7] . Below we will demonstrate that, despite the signal-to-noise penalty incurred with air-coupled ultrasonics, this method can be made to yield accurate quantitative measurements of material properties in a variety of materials and material combinations and is especially well suited to the characterization of com.posites. Let us discuss briefly the t.heoret.ical calculation leading to an accurate expression for the voltage in a two-transducer measurement. We also a procedure to extract from the data an angle-and frequency bandlimited expression for the transmission coefficient. This latter expression will form the basis of our reduction and analysis of the experimental data. 
THEORETICAL DEVELOPMENT
In the geometry of Fig. 1 , the received voltage will be a function of both the extrinsic experimental parameters, such as geometry or the transducer bandwidth, and the intrinsic properties of the plate, upon which the transmission coefficient will depend. Our goal is to isolate the transmission characteristics from the extrinsic parameters, since only this quantity contains material property information. The first important step is to model the dependence of receiver voltage on the experimental geometry and reflection characteristics of the plate. The sound beam is incident on the plate at an angle 0:, and the transmitted field induces a voltage in the receiving transducer, whose effect on the measured voltage, from the transmitted leaky waves in the experimental set-up of Fig. 1 , can be represented as [7] VeX; 0:
where Zo is the total vertical distance between the transducers (in the Z direction) as shown in Fig. 1 , x is the transducers separation along the guided wave propagation direction from symmetrical position xo (xo = Zo tan 0:), K is the sound wavenumber in air, a is the radius of the transducers, 0: is the incident angle (measured between the normal to the transducer face and the plate normal), T( (}) is the transmission coefficient, DT,R( ) are the beam directivity functions for the transmitting and receiving transducers, d is the thickness of the plate, and "( is the angle between transmitter acoustical axis and each incident plane-wave direction of propagation ((}, 4» in three dimensions so that cos, = cos (} cos 0: + sin (} sin 0: cos 4>.
An example of such a position scan measurement is shown in Fig. 2 . In this By combining Eqs. (1) and (2) and performing the integrat.ion over x, the synthesized transform signalS (after substituting cos £I' cos £III for cos B) can be expressed as
where cos 10 = sin 0 sin £I' + cos 0 cos £I' cos 8". The above integral only depends on the transmission coefficient of the plate, the directivity funct.ion of the transducers, and the vertical distance between them. Since the distance between transducers is much larger than the wavelength in air (~zo ~ 1), the main contributions to t.he integral in Eq. can be substituted by its value at angle 8" = 0 (-role"=o = 8' -0'). Consequently, the uniform asymptotic solution to the integral of Eq. (3) is given by
where 'F( 8') depends both on the plate material properties and on the vertical distance between transducers. It is given by The correspondence between 'F( 8') and T( 8') improves for angles which are not close to any modes (8' of. 8;j and ISpjl ~ 1). This improvement can be attributed to the fact that the difference between amplitudes of these functions is inversely proportional to the "numerical distance" Spj, which is minimum at angles with value minlspjl ~ (l\;z08;j8~j)1/2, located on a mode. The dependence of minlspjl on both real and imaginary parts of the pole indicates that at pole angles 8pj , the correspondence between 'F( 8') and T( 8') is better for modes at higher incident angles (eg., Ao and So modes) and for modes with larger leakage rate or reradiation parameter 8~j' All three terms of Eq. (5) are presented in Fig. 4 for a 2.3-mm plexiglas plate at a frequency of 700 kHz. 
EXPERIMENTAL PROCEDURE AND DATA PROCESSING
In these experiments a two-transducer system is employed. The transmitt.er is a weakly focused piezoelectric transducer with an effective radius of 2.8 mm and a center frequency of 800 kHz, while the receiving t.ransducer is a wide-band capacitive device with an effective radius of 5 mm and a center frequency of 600 kHz. Since we are able to achieve a rather good signal-to-noise ratio, we choose to excite the transmitter with a broadband signal consisting of a single cycle of 1 MHz. Data are collected in the form of digitized time-domain signals which are then Fourier transformed to the frequency domain immediately after acquisition to complex voltages at several selected frequencies ranging from 400 to 800 kHz in 50 kHz increments. These measurements are obtained for many x separations at a step size of no greater than 1/2 wavelength in air. Because the x positioning of the transducers is accurate to within at least 25 fLm, preservation of the absolute signal phase is easily accomplished, and the complex voltages can therefore be summed coherently, as indicated in Eq. (4).
The measurement of voltage as a function of incident angle a does not preserve phase, since our interest is in reconstructing only the magnitude of the transmission coefficient IT( 0')1. At an angular resolution of 1°, receiver voltage versus x separation is obtained over a range in angle from _5° to +20°. These data are then combined according to Eq. (6) to obtain an experimentally derived function closely related to the transmission coefficient. Since the absolute angular orientation of the plate with respect to the transducers is critical for an accurate inversion of material properties, we have exploited the symmetry in the transform signal S( 0'; a) about normal incidence to define the plate normal acoustically, from which all angles are then measured.
RESULTS AND DISCUSSION
In this section are described several examples of viscoelastic stiffness estimation using the measurement and materials characterization methods outlined above. As a trial we have selected Plexiglas, since it is a favorable material for air-coupled ultrasonic measurements and its elastic properties are relatively consistent from sample to sample. Also, its elastic isotropy favors a genuine test of the method, with only four constants to reconstruct, but ones where material losses may be significant. A more complicated example is afforded by ARALL, a layered periodic composite of aramid-epoxy and aluminum. Here, we have concentrated on the aramid-epoxy properties. The last example is an eight-ply, uniaxial graphite-epoxy composite. Since the plate is relatively thin and the frequency range fairly low, we report only measurements in the plane of isotropy, normal to the fibers. Fig. 6 is the calculation according to Eq. (6), yielding IT(e')1 for the optimal estimate, described in the companion paper [8] , of the complex elastic wavespeeds Vz* = (2.71 -i 0.022) HlIn/ J.LS, V;: = (1.374 -i 0.017) mm/ J.LS obtained through inversion.
SUMMARY
In this paper, we have introduced and described an ultrasonic technique exploiting air-coupled ultrasound to characterize composite plates. Although the method is well suited to air-coupled investigations, it will perform as well in fluid-coupled measurements. The ultrasonic spat.ial spectrum of a plat.e is obtained experimentally by synthesizing a wide-angle focused transducer aperture. The focused aperture synthesis is achieved through hybrid coherent and incoherent. summation of voltages measured in one-dimensional transducer scans collected for different angular orientations. The experimental results are in excellent. agreement with t.heoret.ical calculations indicating the accuracy of t.he theoretical model and experimental procedure. The method has been successfully applied to estimate viscoelastic stiffnesses for several different materials, including aluminum-aramid and graphite-epoxy plates.
